Metallic copper nanoparticles (CuNP) are formed from the reduction of hierarchical copper-based micro/nanostructures previously electrodeposited on polypyrrole-polystyrene sulfonate (PPy-PSS) thin films. The application of a high reduction potential causes the erosion of the micro/nanostructures nanosheets and the formation of CuNP. The CuNP are used in a series of preliminary tests in order to assess their performance in the sensing of nitrate. The sensing performance is improved with the introduction of polyethyleneimine-functionalized multiwall carbon nanotubes (MWNT-PEI) to the PPy-PSS films. Electrochemical impedance spectroscopy studies show that the nanotubes increased the electronic conductivity of the reduced films. The limit of detection of the PPy-PSS-MWNT-PEI-CuNP nanocomposite is 30 mM nitrate. The materials need further development and optimization work in order to be applied as sensors.
Introduction
Nanomaterials have been studied and used in sensors and molecular switches because of their unique scaling and sensitivity-to-change properties [1] [2] [3] . In particular there has been intense interest in the use of nanoparticles in electroanalytical applications [4, 5] . Copper nanoparticles have been applied for the electrochemical sensing of many different analytes like, for example, carbohydrates, amino acids, nitric oxide, nitrite and nitrate [6] . Nitrate, in particular, is hazardous for both the environment, causing eutrophication of natural water when in the presence of phosphates, and human health, leading to infant methemoglobinemia from nitrate dietary intake [7, 8] .
Nitrate can be detected by several spectroscopic, chromatographic and electrochemical methods [9] . Electrochemical methods are attractive since they are usually simpler to apply. Copper nanoparticles and copper modified electrodes have been used for the electrochemical sensing of nitrate [6, 10, 11] , and detection limits as low as 0.76 mM have been achieved [10] . The limit set by the EU Drinking Water Directive is 50 ppm in nitrate content corresponding to about 0.8 mM nitrate [12] , whereas the US Environmental Protection Agency set a limit of 10 ppm in nitrogen content corresponding to about 0.7 mM nitrate [13] .
Copper nanomaterials have been electrodeposited on polypyrrole films using different methodologies. The deposition of copper nanocrystals on polypyrrole ultrathin films allows precise control of the distribution and morphology of the deposit through the variation of polymer thickness, electrode potential and electrolyte concentration [14] . The type of deposition, galvanostatic or potentiostatic, also influences the characteristics of the copper nanodeposits [15, 16] . The deposition of metal nanoparticles on conducting polymers is also affected by the initial oxidation state of the polymer, the presence of metal/ polymer interactions, and by the use of metal ion complexes instead of free metal ions [17] .
The present manuscript is focused on the preparation, characterization and preliminary testing of novel nanocomposite materials comprising polypyrrole, carbon nanotubes and copper metal nanoparticles. Copper-based hierarchical micro/nanostructures attached to a PPy-PSS film are converted to CuNP upon application of a high reduction potential. The structures crumble into particles under the combined action of direct reduction and hydrogen gas evolution. The method has certain advantages over other approaches as it is simple to apply and allows the synthesis of large amounts of independent CuNP.
The CuNP formed on the PPy-PSS film are tested for nitrate sensing applications. A drawback of having nanoparticles supported on conducting polymer films is the insulating barrier introduced by the polymer at reduction potentials. This is true in sensing applications, where the electrons required to reduce the analyte have to cross the resistive film in order to be supplied to the nanoparticles. A solution to this problem is to introduce conducting pathways in the film by incorporating carbon nanotubes (CNT) added as a composite or in a functionalized form depending on the needs in terms of conductance [18, 19] . The dispersion of CNT in water requires either functionalization or the addition of dispersing agents [20, 21] . In particular, functionalizing nanotubes is beneficial when more monodispersed layers are required [22] . High conductivities are achieved when multiwall carbon nanotubes (MWNT) are dispersed in polymer hosts. However, they can also diminish the continuance of the film to specific pathways if they are allowed to aggregate [23, 24] . Our findings show that the sensing performance of the PPy-PSS-CuNP film is enhanced by introducing polyethylenimine-functionalized multiwall carbon nanotubes (MWNT-PEI) in the polymer film. The novel materials presented in this manuscript show promising nitrate sensing properties, although their applicability as a sensing device requires to be further checked experimentally.
Experimental

Chemicals and Instrumentation
The chemicals were pyrrole (98 %), poly(sodium 4-styrenesulfonate) M w % 70 000 g/mol, copper sulfate pentahydrate (99.999 %), sodium sulfate (! 99.0 %), polyethylenimine branched M w % 25 000 g/mol (impurities 1 %), dimethylformamide (! 99.0 %), methanol (! 99.0 %) and acetone (! 99.5) supplied by Sigma-Aldrich, and multiwall carbon nanotubes 10-30 nm diameter and 0.5-40 mm length (95 %) supplied by Helix Material Solutions. Oxygen gas (99.95 %) was supplied by BOC Ireland. Pyrrole was vacuum-distilled and stored in the dark at À20 8C under nitrogen. Water was distilled and Milli-Q purified.
Electrochemical experiments were performed in air or oxygen-saturated solutions at room temperature in a standard three-electrode configuration cell [25] connected to either a potentiostat Solartron 1285 or a Solartron 1287 coupled to a Solartron 1260A. The rotating disk electrode (RDE) was a Pine MRS with E3 tips. All potentials are referred to saturated calomel electrode (SCE).
Scanning electron microscopy was performed with a Hitachi S-3200-N equipped with Oxford Instrument INCAx-act, and a FEI Nova NanoSEM 630 ultra-high resolution equipped with Oxford Instrument X-MAX 80.
Preparation of Materials
Synthesis of MWNT-PEI
Multiwall carbon nanotubes (MWNT) modified with polyethylenimine (PEI) were synthesized as reported by Liao et al. [26] : 1.0 g of MWNT and 5.6 g of PEI were placed in a stoppered round-bottomed flask (250 mL) with 60 mL of dimethylformamide. The mixture was sonicated for 10 min and stirred at 50 8C for 5 d. 150 mL of methanol was added to the reaction mixture which was left stirring and cooling for 1 h. The mixture was vacuum-filtered on a Whatman Teflon filter with 0.45 mm pores. The black paste was washed repeatedly with aliquots of methanol (total 100 mL) and transferred to a clean round-bottomed flask (250 mL) to which 100 mL of methanol was added. After sonication, the dispersion was stirred at room temperature for 2 h and filtered again. The paste was further washed with 250 mL of Milli-Q water, with 10 mL of acetone and left drying for 30 min. The black chunks were finely grounded and dried overnight at 60 8C on a bed of silica gel beads.
Preparation of MWNT-PEI Aqueous Solution
60 mg of the MWNT-PEI powder was added to 10 mL of Milli-Q water in a glass vial. The suspension was sonicated for 1 h and left stirring at room temperature for 24 h. The solution was centrifuged at 14 000 rpm for 10 min. The deep black supernatant was collected with a Pasteur pipette. The amount of nanotubes in solution was estimated by removing the water from 5 mL of stock solution and obtaining approximately 4 mg of residue, corresponding to about 0.08 % w/w of MWNT-PEI in water. No carbon nanotube precipitation was observed over a period of a year.
Preparation of PPy-PSS-MWNT-PEI Films
PPy-PSS films were deposited on bare electrodes from a solution 0.15 M pyrrole and 50 mM PSS at 0.60 V vs. SCE until a charge of 40 mC/cm 2 was reached [25] . PPy-PSS-MWNT-PEI films were prepared as follows. A glassy carbon (GC) electrode was pretreated to make the surface hydrophilic and allow a smooth distribution of the nanotubes [27] [28] [29] . The electrode (4 mm diameter) was placed in a stirred phosphate buffer solution (0.20 M NaH 2 PO 4 /Na 2 HPO 4 , pH 6.8) and held at 1.80 V vs. SCE for 5 min. Immediately after, a CV scan was performed from 0.30 to 1.25 V vs. SCE at 25 mV/s until a reproducible cyclic voltammogram was obtained (about 30 cycles). The electrode was washed with Milli-Q water and acetone. After drying, the surface acquired a blue iridescent colour. A 5 mL drop of MWNT-PEI solution was cast onto the electrode surface and dried under an infrared lamp. At this stage, the electrode surface became dull and grey. A PPy-PSS film was electrodeposited onto the carbon nanotube layer as described at the beginning of this section for the bare electrodes.
Preparation and Conversion of Copper-Based Hierarchical Structures to Copper Nanoparticles
Copper-based hierarchical micro/nanostructures were electrodeposited as described elsewhere [25] . Briefly, the flower-like structures were formed on PPy-PSS thin films upon application of a potential of 0.10 V vs. SCE in aerated or oxygen-saturated 0.10 M CuSO 4 . These were converted to metallic copper nanoparticles by applying a potential of À2.00 V vs. SCE for 5 min in 0.10 M Na 2 SO 4 solution. A large amount of hydrogen gas was generated at the newly formed copper nanoparticles, the composite film was undamaged by the gas evolution. After reduction, the electrode surface was characterized by a bright and shiny pinkish colour.
Nitrate Sensing with Copper Nanoparticles Modified Electrodes
The copper nanoparticles were formed on PPy-PSS and PPy-PSS-MWNT-PEI films. The modified electrodes were immersed in a 0.10 M Na 2 SO 4 solution. The RDE was set À1.20 V vs. SCE and at 2000 rpm. A series of nitrate aliquots of 1-100 mM were added into the solution. Sensing tests were also performed using cyclic voltammetry. The modified electrodes were scanned in 0.10 M Na 2 SO 4 from À0.60 to À1.50 V vs. SCE at 10 mV/s. The nitrate aliquots ranged from 0.1 to 10.0 mM.
Results and Discussion
Conversion of Copper-Based Hierarchical Micro/ Nanostructures to Metallic Copper Nanoparticles
Formation of CuNP onto PPy-PSS Films
The electrochemical deposition and characterization of copper-based hierarchical micro/nanostructures have been discussed in detail previously [25] . The morphological changes of the hierarchical micro/ nanostructures upon the application of À2.00 V vs. SCE in 0.10 M NaSO 4 , for two different time intervals, are shown in Figure 1 . After the application of this potential for 1 min, the hierarchical structures ( Figure 1a ) become surrounded by a uniform and sparse distribution of nanoparticles ( Figure 1b) . If the potential is held for 5 min, the hierarchical structures disappear and in their place circular distributions of CuNP are found ( Figure 1c) .
A closer inspection of the micro/nanostructure reveals the actual erosion of the nanosheets due to the reduction, from their smooth appearance (1d) in the pristine state to the jagged borders (1e) after reduction. The erosion of the hierarchical structure is probably due to the evolution of hydrogen gas at the newly formed CuNP. The larger CuNP are found at the original site of the clusters, while the smaller are distributed in the surrounding areas. Interestingly, the large CuNP are distributed in an O-ring shape ( Figure 1c) . The micrograph at high magnification (1f) shows the presence of two main size ranges. The 
Preparation of CuNP onto PPy-PSS-MWNT-PEI Films
It is known that the incorporation of CNT inside conducting polymers can increase the conductivity and capacitance of PPy films [30] [31] [32] . MWNT-PEI are soluble in water and can be easily drop-cast on an anodized glassy carbon surface. The resulting layer of MWNT-PEI is shown in Figure 3 . The surface is homogenously covered by entangled MWNT-PEI. The diameter of the larger nanotubes is around 50 nm compared to the 30 nm of the pristine MWNT. This corresponds to an approximate thickness of about 10 nm for the PEI functionalization. The layer is very porous with some voids visible even at lower magnification. The weight of MWNT-PEI per unit surface is estimated to be about 32 mg/cm 2 based on the diameter of the electrode (4 mm), and the volume and concentration of the drop-casting solution (5 mL and 0.08 % w/w, respectively).
After polymerization of pyrrole in the presence of the polyanionic dopant, PSS, a novel nanocomposite film of PPy-PSS-MWNT-PEI was formed. The nanocomposite film is marked by large cracks (Figure 3b ) which are not observed for the PPy-PSS film prepared under similar experimental conditions (Figure 3c ). In addition to this microporosity, some mesoporosity is also likely to be present, as observed in comparable PPy films prepared from MWNT-PSS dispersions [33] .
The hierarchical copper-based micro/nanostructures were successfully prepared and reduced to CuNP on the PPy-PSS-MWNT-PEI films, as shown in Figure 4 . The hierarchical structures were deposited from oxygen-saturated solutions under the same conditions used for PPy-PSS films [25] . The CuNP are distributed on the top of the nanocomposite film as previously seen for the PPy-PSS films. The larger CuNP are observed on the site of the original structures, while the smaller CuNP are distributed in the neighbouring areas.
Nitrate Sensing
CuNP are known for their catalytic activity towards the reduction of nitrate ions. Accordingly, the PPy-PSS films with and without MWNT-PEI and modified with CuNP were tested as nitrate sensors. The mechanism of reduction of nitrate is still in debate, but the main products formed are ammonia and hydroxylamine [34] . Nitrite ions can also be formed at copper electrodes [35] .
PPy-PSS-CuNP Electrode
The nitrate sensing performance of a PPy-PSS-CuNP modified electrode was tested using cyclic voltammetry. Representative data are shown in Figure 5a . The modified electrode was cycled in the presence of different concentrations of nitrate, ranging from 0.1 mM to 10.0 mM. The current response increases with increasing nitrate concentration. This increase is not observed at PPy-PSS films; hence it is due to the catalytic activity of the CuNP. The broad reduction wave is typical of slow reduction processes, under kinetic controlled conditions. The wave can be related to the reduction of nitrates and/or further reduction of the products of nitrate reduction, e.g., nitrite ions. At the highest concentration (10.0 mM) two very small signals emerge from the wave at about À0.90 V and À1.10 V vs. SCE. In order to prepare a calibration curve, the current recorded at À1.20 V vs. SCE is plotted against the nitrate concentration (with previous subtraction of the background current registered without nitrate in solu- tion). This specific potential of À1.20 V vs. SCE is chosen as the MWNT-PEI modified film has a characteristic current plateau at this potential, as shown in the next section. Obviously, to obtain results that can be compared quantitatively, the response of the two electrodes was measured at the same potential. The resulting calibration curve, shown in Figure 5a Inset, is linear up to 2 mM, at which point the current starts levelling off.
The straight portion of the calibration curve was fitted by linear regression. The R 2 is 0.996, indicating that the experimental response is reasonably linear in this range. The sensitivity of the PPy-PSS-CuNP film was computed as 99.0 mA/(mM·cm 2 ). The intercept, i.e., the extrapolated reading of current at zero concentration, is À8.5 mA/cm 2 , which indicates a residual signal even after background subtraction. This has direct implications on the limit of detection (LOD) of the sensor, i.e., the smallest amount of nitrate detectable by the electrode [36] . The lowest concentration significantly different from the intercept is 0.5 mM which can be considered the measured LOD for the PPy-PSS-CuNP modified electrode under the related experimental conditions.
PPy-PSS-MWNT-PEI-CuNP Electrode
The nitrate sensing performance of a PPy-PSS-MWNT-PEI-CuNP electrode was tested using cyclic voltammetry and constant potential amperometry at a RDE.
The voltammetric data are presented Figure 5b . In the response profiles there are two clear peaks at about À0.90 V and À1.10 V vs. SCE, also there is evidence of a plateau-like current between À1.10 V and À1.30 V vs. SCE. A calibration curve was prepared by plotting the current values recorded at À1.20 V vs. SCE, against the nitrate concentration (with the previous subtraction of the background current registered without nitrate in solution). The current response for the PPy-PSS-MWNT-PEICuNP electrode is higher, compared to that observed for the film without CNT, and the linear range is wider. The R 2 is 0.999, showing the better linearity of the response of the MWNT-PEI modified film compared to the film without nanotubes. The sensitivity of the electrode is also better, 137.2 mA/(mM·cm 2 ). In this case, the extrapolated reading of current at zero concentration is slightly higher in the plot, À13.8 mA/cm 2 , yet the measured LOD of the CNT-modified electrode is 0.1 mM using cyclic voltammetry, five times better than the film without nanotubes.
The substantial improvements obtained with the use of the MWNT-PEI were followed up with a further investigation of the electrode performance by constant potential amperometry at a RDE. It is known that the RDE can improve the mass transport of the analyte from the solution to the electrode surface allowing better LOD. In this case the measurements were taken at constant potential, À1.20 V vs. SCE, and the current was recorded while various aliquots of nitrate ions were added to the solution. The modified electrode was spun in 0.10 M Na 2 SO 4 at a constant rotational speed of 2000 rpm during the addition. The amperometric response is characterized by a series of current steps, where each step height is proportional to the added nitrate, as shown in Figure 6a . A large portion of instrumental noise was recorded prior to the start of the nitrate addition while the electrode was polarized in solution without the presence of any nitrate. The distribution of the noise amplitude is in agreement with a normal distribution (R 2 = 0.949, s = 4.23 mA/cm 2 ). Hence, a current reading has to be higher than 3s in order to be considered different from the noise, i.e., at least more than three times the standard deviation of the noise, 12.69 mA/cm 2 , in absolute value. In order to decrease the noise, the curve was smoothed by 20-point adjacent averaging and the resulting curve is shown in Figure 6b . A general feature of the curve is that within each series of the three additions of nitrate, the current steps decrease. This decrease may be attributed to poisoning effects due to the progressive addition of nitrate to the solution. The detrimental effect of poisoning on the catalytic activity of copper is a well-known issue [9] . In particular, the current steps registered for the 1 mM nitrate additions decay rapidly towards zero. For this reason, these additions are not considered further in this discussion. The plots of the current responses against the nitrate concentration are reported in Figure 6b Inset. The responses are collected in three groups corresponding to the order of addition within the same aliquot, i.e., 1 st , 2 nd and 3 rd additions. On comparing the 1 st , 2 nd and 3 rd additions at the higher concentrations, it is clear that the overall magnitude of the current response decreases with increasing addition. Instead, the responses in the lower concentration range, . The readings that fall below the LL 95 in the plot are likely to correspond to the zero concentration and have only a 5 % probability of being related to the nitrate [36] . Following on from this consideration, the current reading at the 5 mM nitrate concentration is slightly higher than the LL 95 , however in the plot the lower side of its normal distribution overlaps with that of the LL 95 . As a result, this current reading is not significantly different from the reading at zero concentration. Hence, it cannot be related to the response of the electrode to the addition of nitrate. The current reading at 15 mM nitrate concentration, À13.56 mA/cm 2 , is well above the LL 95 , however it is very near to the detection limit enforced by the noise, À12.69 mA/cm 2 . Following the same reasoning as before, the limiting value of this experimental reading, À13.56 + 2s = À11.14 mA/cm 2 , is lower in the plot than the detection limit due to the noise, hence it must be rejected since there is a finite probability that this signal is due to noise. Accordingly, the measured LOD of the PPy-PSS-MWNT-PEI-CuNP electrode is 30 mM nitrate which is significantly above the 3s of the noise. It is easy to see that the LOD of the modified electrode is affected by the noise. Further optimization of the electrode and the employment of techniques to reduce the noise level could possibly enhance the performance of the sensor bringing it closer to the best values reported in the literature for other sensors, 0.1-10 mM [9] . The sensor-to-sensor reproducibility was investigated at a nitrate concentration of 100 mM. Three independently made sensors showed a reasonable reproducibility with an average RSD of 7 % (n = 6). However, poisoning effects on the CuNP remain an issue affecting the repeatability and stability of the sensor.
Electrochemical Impedance of PPy-PSS and PPy-PSS-MWNT-PEI Films
The nitrate sensing performance of the electrodes modified with CuNP was significantly improved by introducing MWNT-PEI in the PPy-PSS films. In order to evaluate the effect of the MWNT-PEI, the electrical properties of the PPy-PSS films, with and without CNT, were investigated using electrochemical impedance spectroscopy (EIS). PPy-PSS films have been the object of many EIS characterization studies. Ren and Pickup [37, 38] carried out detailed studies of both ion and electron transport in such films. In their works, they used the dual rail transmission line circuit originally proposed by Albery et al. [39, 40] . In this circuit two film resistances, one ionic, R ion , and one electronic, R e , are connected in parallel through a group of capacitors representing the pseudocapacitance of the film, C F . They found that above À0.60 V vs. Ag/AgCl the impedance response of the film is described by a single transmission line, R ion , since at this potential R e is negligible. Below this potential, R e is comparable to R ion . At more negative potentials, such as below À0.75 V vs. Ag/ AgCl, the R e term dominates over R ion . In this case, the film impedance is reasonably described by a single transmission line governed by R e . This transition is related to the electrochemistry of the polymer film. In fact, in its oxidized state (low R e ) the film is deprived of mobile counterions (high R ion ) since the negative charge of the dopant, PSS, is counter-balanced by the positive charge of oxidized PPy. Conversely, in its reduced state (high R e ) the film is rich in mobile counterions (low R ion ) necessary to maintain the charge balance. Komura et al. [41] came to the same conclusions that the reduced film has high ionic conductivity due to the incorporation of cations, while the electronic resistance increases with decreasing oxidation level. The present characterization was performed to obtain the experimental data necessary for a direct comparison between PPy-PPS and PPy-PSS-MWNT-PEI films. The experimental conditions used in the present work are different from those of the published studies. In this study, the PPy films are thinner, 0.12 mm compared to 2 mm, and the electrolyte is also different, 0.10 M Na 2 SO 4 instead of 0.2 M NaClO 4 or 0.5 M NaCl. These differences can affect the impedance response of the films. In fact, thinner films are characterized by a higher molecular order compared to thicker films [42] . Also, sulfate ions can be exchanged by the PPy-PSS film when cycled in sulfate electrolytes [43] . These ions can act as electrostatic cross-linking points between oxidized moieties of the polymer.
The impedance responses of PPy-PSS and PPy-PSS-MWNT-PEI films at À1.00 V vs. SCE in 0.10 M Na 2 SO 4 with their corresponding equivalent circuits and fitting results are reported in Figures 7 and 8 , respectively.
The PPy-PSS film is completely reduced at À1.00 V vs. SCE and the equivalent circuit is composed of five elements ( Figure 7) . The solution resistance (R s ), a constant phase element (CPE int ) in parallel to a resistance (R int ), and another constant phase element (CPE i ), in parallel to a resistance (R e ). At this potential the negative charge of the dopant is neutralized by insertion of sodium ions to give PPy 0 PSS À Na + . The ionic resistance, R ion , of the film is negligible compared to the electronic resistance, R e [38] . The electronic resistance, R e , is about 40 kW. This is consistent with the reduction of the film to its insulating state. The CPE i (n = 0.57), in parallel to R e , is due to the diffusion of Na + ions inside the reduced film, in fact it represents a slightly distorted Warburg element. The CPE int and R int are related to the capacitance and electron transfer resistance at the electrode/film interface as observed and supported by the impedance analysis of both Ren and Komura [38, 41] . Komura et al. [41] found that the R int at the metal/film interface was emerging as a result of the decreasing concentration of hole carriers in the PPy-PSS film.
There is no previous impedance characterization of PPy-PSS-MWNT-PEI films, since these nanocomposites are presented in this work for the first time. However, different studies on the properties of composites made from PPy and CNT are available. Chen et al. [32] used carboxyl-functionalized CNT directly as a dopant for the electrochemical polymerization of Py. In this case, the impedance spectra of the composite films were recorded at 0.20 V, À0.20 V and À0.60 V vs. SCE. The result was a response characterized only by diffusive and capacitive components regardless of the oxidation state of the films. Such behaviour was entirely new as reduced PPy films are insulating. The CNT were responsible for this conductivity in the composite films even when PPy was in its reduced state. Wu and Lin [44] measured conductivities two orders of magnitude higher for PPy modified with MWNT compared to their plain counterparts. The overall effect of the addition of MWNT to the PPy is then to improve the conductivity and capacitance of the films. This is also observed in the present study. The impedance response of PPy-PSS-MWNT-PEI at À1.00 V vs. SCE is given in Figure 8 .
The equivalent circuit is composed of a solution resistance (R s ), a distorted film capacitance (CPE f , n = 0.91), and a distorted Warburg element (CPE i , n = 0.4). Another element is also present, the electronic resistance R e , of the reduced PPy-PSS-MWNT-PEI film. According to the expected response of the composite, the capacitance of the reduced film is about 27 F/g. The diffusion of Na + ions into the film, which enter to counterbalance the negative charge of the dopant, is described by the Warburg element. The key element of this equivalent circuit is the electronic resistance, R e , which appeares once the PPy-PSS-MWNT-PEI film is completely reduced. This is in accordance with the predominant resistive contribution of R e observed also for the plain PPy-PSS films. However, this time the resistance is considerably lower, 524 W compared with 40830 W. This higher conductivity is consistent with the presence of the MWNT-PEI which allows more efficient electron transport through the reduced film [44] .
The nitrate sensing performance of the CuNP modified electrodes are greatly improved by the incorporation of MWNT-PEI in the PPy-PSS films. The sensitivity, linear range of the response and the LOD are all enhanced by the presence of the CNT. The EIS characterization shows clearly that the reduced PPy-PSS film, which is an electrical insulator, becomes a conductor due to the addition of the modified CNT. The improvement of electrical conductivity is the major factor for the enhanced nitrate sensing performance in the presence of MWNT-PEI.
Conclusions
Copper-based hierarchical micro/nanostructures were reduced to metallic copper nanoparticles. This transition was documented by SEM imaging. The electrode modified with the copper nanoparticles was used to sense nitrate ions both voltammetrically and amperometrically. The sensing performance was enhanced by introducing polyethyleneimine-modified multiwall carbon nanotubes in the polymer film. An electrochemical impedance study showed that the nanotubes had significantly enhanced the conductivity of the films, particularly at potentials where the films were reduced. In relation to the performance in the sensing of nitrates, the PPy-PSS-CuNP films had a sensitivity of 99.0 mA/(mM·cm 2 ), a linear range from 0.5-2.0 mM, and a measured voltammetric detection limit was 0.5 mM. The PPy-PSS-MWNT-PEI-CuNP had a sensitivity of 137.2 mA/(mM·cm 2 ), the linear range was between 0.1-5.0 mM, and the measured voltammetric detection limit was 0.1 mM. This detection limit was 30 mM using constant potential amperometry at a rotating disk electrode. Studies are required to investigate the selectivity and stability of these materials with respect to their application as sensors. 
